Intravascular hemoglobin limits the amount of endothelial-derived nitric oxide (NO) available for vasodilation. Cell-free hemoglobin scavenges NO more efficiently than red blood cell encapsulated hemoglobin. Hemolysis has recently been suggested to contribute to endothelial dysfunction based on a mechanism of NO scavenging by cell-free hemoglobin. Although experimental evidence for this phenomenon has been presented, support from a theoretical approach has, until now, been missing. Indeed, due to the low amounts of cell-free hemoglobin present in these pathological conditions, the role of cell-free hemoglobin scavenging of NO in disease has been questioned. In this study, we model the effects of cell-free hemoglobin on NO bioavailability, focusing on conditions that closely mimic those under known pathological conditions. We find that as little as one micromolar cell-free intra-luminal hemoglobin (heme concentration) can significantly reduce NO bioavailability. In addition, extravasation of hemoglobin out of the lumen has an even greater effect. We also find that low hematocrit associated with anemia increases NO bioavailability but also leads to increased susceptibility to NO scavenging by cell-free hemoglobin. These results support the paradigm that cell-free hemoglobin released into plasma during intravascular hemolysis in human disease contributes to the experimentally observed reduction in NO bioavailability and endothelial dysfunction.
Introduction
Nitric oxide (NO) is synthesized in endothelial cells by nitric oxide synthase and then diffuses to smooth muscle cells where it activates soluble guanylate cyclase, resulting in cyclic guanylyl monophosphate-dependent vasodilation [1] [2] [3] [4] [5] . In 1994, Lancaster pointed out that given the great efficiency that hemoglobin (Hb) reacts with NO (on the order of 10 7 M −1 s −1 ) and the abundance of total red cell hemoglobin in blood (on the order of 10 mM in heme or 16 g/dL), it is difficult to understand how NO can function as the endothelium-dependent vasodilator [6] . The paradox surrounding how NO can escape Hb scavenging and function as the endothelium-derived relaxation factor is partially resolved by its compartmentalization in the red blood cell (RBC) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Intraerythrocytic Hb scavenges NO less effectively than cell-free Hb due to (1) a cell-free zone that is created due to pressure/velocity gradients in laminar flow that result in the RBCs being pushed inward towards the center of the lumen so that the rate of NO uptake by RBCs is at least partially limited by the time it takes for NO to diffuse from the endothelium to the RBCs [8, 10, 11] ; (2) an unstirred layer surrounding the RBCs, the diffusion through which also potentially decreases the overall NO uptake rate [7, 14] ; and, (3) a physical RBC membrane barrier that limits the rate that NO diffuses into the RBC [12, 13, 15, 16, 18, 19] . The relative contribution of each of these mechanisms is currently under investigation [20] . Many theoretical studies and reviews have been conducted investigating the effects of RBC encapsulated Hb on NO bioavailability [21] [22] [23] [24] [25] [26] . Here we focus on the particular effects of relatively small amounts of cell-free Hb.
The hypertension, increased systemic and pulmonary vascular resistance, morbidity and mortality associated with administration of hemoglobin-based oxygen carriers (HBOCs or "blood substitutes") [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] has been widely attributed to the enhanced ability of cell-free Hb to scavenge NO. It should be pointed out that an additional mechanism for the vaso-pressor effect of HBOCs has been suggested in which enhanced or pre-mature oxygen delivery to the resistance arterioles results in systemic vasoconstriction [44, 45] . Previous models of the effect of cell-free Hb on NO bioavailablity were developed in the context of HBOC administration [46, 47] . In one study, the concentration of intraluminal HBOC was set at 1.5 mM in heme (2.4 g/dL Hb) and extravasation was varied from 0 to 100% with the lowest non-zero value being 0.3% (about 5 μM in heme) [47] . An increase in the rate of the reaction of the HBOC with NO was found to decrease the NO bioavailability and extravasation of 5% or more also lowered the concentration of NO at the smooth muscle [47] . In a more recent study, hemodilution from 45% hematocrit (Hct) to 15% Hct resulted in an increase in the steady state NO concentration ([NO]) at the smooth muscle from about 25 nM to 140 nM [46] . Addition of 3 mM cell-free Hb reduced this to 8 nM and extravasation of 100 μM further reduced this to 2 nM [46] . The authors concluded that most of the NO scavenging was due to that within the lumen [46] . It is not surprising that millimolar quantities of cell-free Hb would have a significant impact on NO bioavailability. On the other hand, the ability of small amounts of cell-free Hb (present for example in sickle cell disease) to affect NO bioavailbility (when there is so much more RBC encapsulated Hb present) has been questioned [48] . In this paper, we focus on the question of whether much smaller amounts of cell-free Hb that are found under pathological conditions would impact NO bioavailability.
Until recently, little attention has been paid to complications due to NO scavenging by cellfree Hb in hemolytic disease [49, 50] . Patients with sickle cell disease have variable amounts of cell-free Hb in the plasma, ranging from about 0 to 20 μM (in heme) with an average of 4.2 ± 1.1 μM compared to 0.2 ± 0.1 μM for control normal volunteers [50] . This amount has been observed to increase several fold during sickle cell crisis [51, 52] . Consistent with a study showing reduced NO responsiveness in rabbit tissues infused with 6 μM Hb [53] , Reiter et al found that responsiveness to NO administration was blunted by 80% in patients with sickle cell anemia who had plasma heme concentrations greater than or equal to 6 μM [50] . Indeed, accumulating animal and human epidemiological evidence supports a role for hemolysis in the pathobiology of sickle cell disease and other hemolytic anemias [54] [55] [56] [57] [58] [59] [60] . Despite these data, this mechanism is not universally accepted -perhaps due to the traditional belief that anemia per se in sickle cell disease has few pathological consequences and skepticism that so little cell-free Hb could affect physiological function when compared to the vast quantities of RBCencapsulated Hb [48, 61] . Indeed, if a few micromolar cell-free Hb resulting from hemolysis contributes to the pathophysiology of hemolysis through a mechanism of NO scavenging, then cell-free hemoglobin should have a significant effect on NO bioavailability in the background of the ten millimolar or so RBC encapsulated Hb that is present within the vascular lumen. Therefore, the major goal of this study was to explore this question using a computational modeling approach. We find that the quantities of cell-free plasma Hb present in human disease exert a significant effect on NO bioavailability at the smooth muscle and this effect is largely determined by the ability of this hemoglobin to enter the cell-free zone and extravasate out of the vascular lumen.
Materials and Methods
We used a two-dimensional model for NO availability within blood vessels, taking into account the particulate nature of blood ( Figure 1 ). Our model examines the production, diffusion, and consumption of NO in various compartments within the vascular area, including the intracellular space of the RBCs, the RBC membrane, the extracellular space in the vessel lumen surrounding the RBCs, a cell-free zone within the lumen, the endothelium around the blood vessel wall, and the surrounding smooth muscle cells. Modeling the RBCs as individual particles accounts for effects of the unstirred layer. Our modeling work is based on that developed by El-Farra et al. [18] .
The production, transport, and consumption of NO within all the model compartments are governed by partial differential equations and boundary conditions based on values obtained experimentally. Based on El-Farra et al. [18] , the following modeling assumptions are made: (1) transport of NO via convection is ignored (an assumption that has been rationalized previously [47] ); (2) [NO] is at steady state; (3) the diffusion of NO is isotropic and the NO diffusion coefficient is the same in all directions within a given area; (4) the NO reaction with Hb dominates in the blood and is taken as a pseudo-first order reaction [62] ; (5) the main reaction with NO in the smooth muscle is with oxygen and is second order, with a rate constant that combines all other reactions occurring in the tissue resulting in NO decomposition [62] ; and lastly, (6) the production of NO in the endothelium is based on that found by Malinski et al. [63] and assumed to be constant [10, 18] . (1) and (2)), the general mass balance equation for NO becomes,
where C NO is the NO concentration, D NO is the diffusion coefficient for NO, R NO is the rate of consumption or production of NO.
In our simulations, the reaction of NO in the smooth muscle area was based on the following second-order reaction,
where k sm is the rate constant for the reaction which factors in all reactions of NO within the smooth muscle and C NO refers to the concentration of NO. Similarly, the consumption rate of NO in the endothelium, R en , is shown in Equation 3,
where Q NO refers to the production of NO in the endothelium. The total production of NO in the endothelium was taken as 42.4 μM s −1 .
Inside the RBCs, NO is consumed by Hb with a rate given by Equation 4 ,
where k Hb is the rate constant of NO binding to oxyHb and C Hb,RBC is the Hb concentration in the RBC. Note that this equation only applies inside the RBC. Also, it should be noted that in this paper, concentrations of Hb (and rate constants based on these concentrations) are presented in terms of the heme concentration. Conversion to other common units can be accomplished by noting that 10 mM in heme is equal to 2.5 mM in Hb tetramers or 16 g/dL.
The concentration of hemoglobin in the RBC was taken as 20 or 23 mM. In calculations where 20 mM was used, no difference in the results was obtained if 23 mM was used instead. The intravascular Hb concentration (in heme) due to RBC encapsulated Hb is given by the product of the Hct and the intracellular Hb concentration (23 or 20 mM). In the extracellular space in the blood vessel lumen, where there is no Hb (simulations without hemolysis), R NO was set to zero. In cases evaluating hemolysis, where Hb is found outside the RBC in the blood vessel lumen, the rate in the lumen is given by Equation 5 ,
where C Hb,lu refers to the concentration of cell-free Hb in the lumen of the blood vessel. The concentration of cell-free hemoglobin in the lumen was based upon values obtained for specific disease states such as sickle cell disease and paroxysmal nocturnal hemoglobinuria (PNH). These diseases were chosen as they reflect the extremes of pathophysiological hemolysis, with diseases such as thalassemia intermedia, malaria, thrombotic thrombocytopenic purpura, hemolytic uremic syndrome and conditions such as cardiopulmonary bypass falling within these ranges. Additionally, for cases involving extravasation of cell-free Hb into the interstitial space between the endothelium and smooth muscle, the expression for the rate is given by Equation 6 , (6) in which Equation 3 has been modified to include the additional reaction of NO with cell-free Hb, where C Hb,en is the concentration of cell-free Hb in the endothelium. The values for cellfree Hb extravasated into the interstitial space were also based on those found during hemolytic conditions. The amount of extravasated oxygenated Hb was assumed to be constant, despite depletion that may occur due to NO dioxygenation. Equation 6 is valid for a particular steady state condition that may vary over time according to rates of hemolysis/extravasation and Hb oxidation. For cases involving hemolytic diseased states, the concentration of Hb in RBCs corresponded to values found during those conditions. NO can freely diffuse from the endothelium into either the smooth muscle area where it binds to its target, sGC, resulting in vasodilation or into the lumen of the blood vessel where it is scavenged by Hb. Within the blood vessel lumen, NO diffusion into the RBCs is limited by the permeability of the RBC membrane. The diffusion of NO through the RBC membrane is governed by Equation 7
where C NO,lu is the concentration of NO in the lumen, C NO,RBC is the concentration of NO inside the RBC, and P mem is the membrane permeability of the RBC, defined as P mem = D mem /δ RBC where D mem is the diffusion coefficient and δ RBC is the membrane thickness.
Simulations were run comparing high and low permeability of the RBC membrane. The membrane permeability for cases evaluating high permeability was set to 9x10 5 μm −1 s −1 and that for low permeability was 450 μm −1 s −1 .
The following boundary equations were applied:
Modeling for all of the scenarios at steady state was performed using FEMLAB software (COMSOL Inc., Burlington, MA). The parameters, based on values from El-Farra et al. [18] , that were used in the simulations are listed in Table 1 . Values used in the simulations examining hemolysis and extravasation are listed in Table 2 
Results
We first examined the effect of Hct on [NO] in the absence and presence of a red blood cellfree zone (Figure 2 ). The concentration of NO is plotted against the distance from the center of a 100 μm diameter vessel. The concentration of NO in the lumen is virtually zero, and it then goes up rapidly at the endothelial layer. As the distance from the center of the vessel increases further, the [NO] decreases. We conducted simulations at three Hcts: 45%, 25%, and 18% which represent those under normal physiology, and sickle cell disease during steady state and crisis respectively [51, 57, 65] . As the Hct increases the [NO] decreases at all blood vessel locations. We also find that the [NO] is higher when there is a cell-free zone than when it is absent, consistent with earlier work [8, 10, 11] . As it is widely believed that a cell-free zone is present in arterioles in vivo, all our subsequent simulations included the cell-free zone. Figure 3 shows the effects of RBC membrane permeability and the presence of cell-free Hb on the concentration of NO along the vessel axis. The addition of cell-free Hb (as would occur in hemolysis) dramatically reduces [NO] . Even 1 μM cell-free Hb (in heme) has a significant effect. The addition of as little as 4 μM cell-free Hb reduces the peak [NO] to 0.14 μM from 0.46 μM (the value with no cell-free Hb and low RBC permeability). At low concentrations of cell-free Hb, we found that an increase in membrane permeability leads to a decrease in [NO] , as previously demonstrated by El-Farra et al [18] . However, for cell-free Hb concentrations of 4 μM, the effect of the RBC membrane permeability is imperceptible, and at cell-free Hb concentrations of 5 μM or higher, the effect of the RBC membrane permeability is virtually eliminated (curves representing results from calculations with high and low permeability overlay each other). We believe at concentrations of 4 μM cell-free Hb and above, the scavenging of NO is due solely to cell-free Hb within the cell-free zone and is no longer dependent upon Hb encapsulated in RBCs. These scenarios were performed with values shown in Table 1 using physiological values for intracellular Hb concentration of 23 mM and 44% Hct. In simulations where a cell-free zone was not applied, the effect of cell-free Hb was significant, but not as great as when a cell free zone was present (data not shown). For example with RBCs with low permeability at a Hct of 45% and no cell-free zone, the peak [NO] fell from 0.28 μM to 0.16 μM upon adding 4 μM cell-free Hb.
Simulations to examine the effects of cell-free Hb on NO bioavailability were performed using Hcts and concentrations of cell-free Hb found in specific hemolytic conditions, as described in Table 2 . A particular aspect that we explored was the effect of Hb extravasation in these hemolytic conditions. Since the general shape of the curves plotting [NO] vs distance from the center of the vessel are fairly constant (Figures 2 and 3) , in order to more clearly present the results, we plot the [NO] in these hemolytic conditions at a given distance from the center of the vessel vs concentration of extravasated Hb. Figure 4 shows the concentration of NO calculated at a) 55.6 μm (in or near the smooth muscle layer), b) 500 μm, and c) 975 μm from the center of the blood vessel as a function of extravasated Hb (0 to 10 μM). Three different Hcts were evaluated (18%, 25%, and 50%) with two values of cell free Hb, 4 μM and 25 μM (the range in sickle cell disease). The results for a Hct of 25% and 4 μM cell-free Hb were chosen because they represent median conditions during steady state in patients with sickle cell disease [51, 57, 65] . During crisis, cell-free Hb levels range from 0.62 μM up to 20 μM, and can exceed 25 μM, while Hct values decrease to 18% [51, 57, 65] . We chose to model sickle cell crisis using 25 μM cell-free Hb and a Hct of 18%. The computations at 50% Hct Figure 4 are present in Figure 5 . In the case of high amounts of cell-free Hb representing those in PNH, NO bioavailability is greatly reduced ( Figure 5 ) even compared to that found in simulations representing sickle cell disease ( Figure 4 ).
Discussion
Our results provide theoretical support for the notion that cell-free Hb present in hemolytic anemias, effectively scavenges NO, even when the amount of cell-free Hb is much less than in the RBC compartment. Thus our work is consistent with studies suggesting that reduced NO bioavailability contributes to the pathology of hemolytic anemias and that hemolysis is a mechanism for endothelial dysfunction [54] [55] [56] [57] [58] 60] . Our work predicts that as little as 1 μM cell-free Hb, even in the presence of many millimolar RBC encapsulated Hb, significantly reduces the amount of NO reaching the smooth muscle, thereby potentially effecting vasodilation.
The role of the RBC NO permeability in effecting NO bioavailability is a matter of debate [9, 12, [14] [15] [16] [17] 20, 67] . We showed that when concentrations of 4 μM cell-free Hb or more are present in the lumen, variations in the permeability of the RBC membrane no longer affect NO bioavailability (Figure 3) . We believe that, at this point, the RBC encapsulated Hb (about 10 mM intravascular Hb for 44% Hct and 23 mM intraerythrocytic Hb) does not effectively scavenge NO; all scavenging is due to the micromolar levels of cell-free Hb present in the plasma. Lowering the hematocrit leads to an increase in NO levels. However, at low Hcts, the system is more sensitive to small amounts of cell-free Hb. Low concentrations of cell-free Hb, which occur during hemolysis, have a greater effect on NO bioavailability at these low hematocrits.
The most relevant condition that modulates vasodilation is the [NO] at the smooth muscle layer, which coincides approximately with the peak [NO] found in our calculations. In our model of steady state in sickle cell disease (using 4 μM cell-free Hb), we find that, even in the absence of extravasation, the peak [NO] falls to 0.14 μM (Figure 4a ) compared to about 0.5 μM that would be present at an equivalent Hct with no hemolysis (Figure 2 ). In crisis (using 25 μM cell-free Hb), the peak [NO] falls to 0.08 μM (Figure 4a) , even in the absence of extravasation. Extravasation further exacerbates NO scavenging (Figures 4 and 5) . Peak levels calculated in our models of PNH are even lower than those modeled during sickle cell vasoocclusive crisis.
Our results using rigorous modeling involving numerical methods are consistent with rough but simpler calculations. The amount of NO that makes it to the smooth muscle depends partially on the rate that it is consumed in the lumen. The cell-free zone plays a large role in decreasing this rate of consumption [8, 11, 62] . If we assume NO scavenging by RBCs occurs at a rate of 10 5 M −1 s −1 (about 500 times slower than the NO scavenging rate for cell-free Hb) and that there is 10 mM intravascular Hb in the blood (at 44% Hct), the half-life of NO in the absence of a cell-free zone would be about 1 millisecond. However, using the relation that distance is equal to the square root of the diffusion constant multiplied by the time, and taking a diffusion constant of 3300 μm 2 s −1 for NO, we see that it would take on the order of 2 milliseconds for NO to get from the endothelium to the red blood cell across a 2.5 μm cell-free zone. This time to diffuse to the cell-free zone significantly adds to the lifetime of NO in the lumen showing that the cell-free zone is very effective in reducing NO scavenging in the lumen and facilitating NO reaching the smooth muscle. Now if we have 4 μM cell-free Hb in the lumen (which is not restricted to the cell-free zone), it will scavenge NO at a rate of (9 × 10 7 M −1 s −1 )(4 × 10 −6 M) so the half life is about two milliseconds, about the time it takes for NO to diffuse to the cell-free zone from the endothelium. Thus, essentially all endothelial-derived NO would be scavenged by this 4 μM cell-free Hb in the cell-free zone, consistent with our results.
In corroboration of our modeling results, the levels of NO found under normal physiological conditions in our calculations are similar to perivascular levels measured experimentally in hamsters (0.6 μM [68] ) and rats (0.3 μM [69] ). Differences between our calculated values (which were based on experimentally determined parameters) and the experimental literature values may be due to the species studied or some limitations of our model.
The amount of NO that is necessary for optimal activation of sGC is not firmly established but the range of values are from tens to a few hundreds nanomolar [46, [70] [71] [72] [73] [74] . Comparisons between our calculated values and these levels necessary for optimal sGC activation may be an over-extension of our results. However, our data certainly suggest that levels of hemolysis under pathological conditions could reduce [NO] below the level needed to sufficiently activate sGC, consistent with experimental evidence [54] [55] [56] [57] [58] 60] .
In summary, we have provided theoretical support for the notion that even small amounts of cell-free Hb (compared to that encapsulated by RBCs), as is present in sickle disease and other hemolytic anemias, can significantly affect NO bioavailability. Illustration of regions modeled. RBCs are in the lumen of the blood vessel, which includes a red blood cell-free zone. NO is produced in the endothelium which is on the exterior of the blood vessel. The smooth muscle is the outermost layer around the blood vessel. The rate of NO production, scavenging, and diffusion is defined separately for each compartment as described in the materials and methods section. NO bioavailability dependence on hematocrit and cell-free zone. Calculated NO concentrations versus the distance from the center of the blood vessel are plotted for Hct values of 18%, 25%, and 45% with and without a cell-free zone. The position of the endothelium is shown by the bent arrow at 0.05 mm. A 2.5 μm thick region in the vessel closest to the endothelium was free of red blood cells in the cases having a cell-free zone indicated by solid lines. RBCs were placed within the 2.5 μm region for the scenarios without a cell-free zone indicated by solid lines with markers. Total Hb in the lumen due to RBCs was set to 4.14 mM for 18% Hct, 5.75 mM for 25% Hct, and 10.35 mM for 45%. NO was produced at a rate of 42.4 μM s −1 in the endothelium. The RBC P m was set to 450 μms −1 . Effect of RBC membrane permeability and cell-free Hb on [NO] . Concentrations of NO for high and low cell membrane permeability at 44% Hct are plotted versus the distance along the vessel axis. The permeability of the cell membrane was set to 9 × 10 5 μm s −1 for high permeability (solid lines with no markers) and to 450 μm s −1 for low permeability (solid lines with markers). Concentrations of cell-free Hb ([Hbcf]) were 0, 1, 4, 10, 20, and100 μM (a single color was used for each concentration of cell-free Hb for both high and low permeability). Total RBC encapsulated Hb in the lumen was 10 mM. A 2.5 μm cell free zone was included in these and all subsequent computations, however cell-free Hb was allowed to enter this region. The effect of the RBC membrane permeability on NO levels is imperceptible at a cell-free Hb concentration of 4 μM and virtually eliminated for cases with concentrations of 5 μM cell-free Hb and above. Concentration of NO as a function of extravasated cell-free Hb for conditions present in sickle cell disease. The concentrations of NO at particular distances from the center of the vessel are plotted as a function of extravasated Hb. Hematocrits of 18% and 25% correspond to values found during crisis and steady state in SCD, respectively. A Hct of 50% was used for comparison to normal physiology. Cell-free Hb concentrations ([Hbcf]) were set to 4 and 25 μM. a) NO concentrations at 55.6 μm from the center of the blood vessel. Results for 18% Hct (pink square), 25% Hct (yellow triangle), and 50% (purple plus sign) with 4 μM cell-free Hb were the same so that curves representing these overlap each other. Results for 18% Hct (blue diamond), 25% Hct (teal x), and 50% (red circle) with 25 μM cell-free Hb also lead to the same levels of NO as each other and thus overlap. b) the concentration of NO at 55.6 μm in the absence of extravasation with 4 and 25 μM cell-free Hb is plotted at different Hcts (18%, 25%, and 50%). c) NO concentrations at 500 μm from the center of the blood vessel versus concentration of cell-free Hb extravasated. d) NO concentrations at 975 μm from the center of the blood vessel versus concentration of cell-free Hb extravasated for the above conditions. Insets: illustration of the position where [NO] was measured (refer to Figure 1 for labeled regions). Insets are not drawn to scale. 
